Fibroblast engraftment in the decellularized mouse lung occurs via a ␤1-integrin-dependent, FAK-dependent pathway that is mediated by ERK and opposed by Akt.
-Creation of bioartificial organs has been enhanced by the development of strategies involving decellularized mammalian lung. Because fibroblasts critically support lung function through a number of mechanisms, study of these cells in the context of the decellularized lung has the potential to improve the structure and function of tissue-engineered lungs. We characterized the engraftment and survival of a mouse fibroblast cell line in decellularized rat lung slices and found a time-dependent increase in cell numbers assessed by hematoxylin and eosin staining, cell proliferation assessed by Ki67 staining, and minimal cell death assessed by TUNEL staining. We developed a repopulation index to allow quantification of cell survival that accounts for variation in cell density throughout the seeded scaffold. We then applied this method to the study of mouse lung scaffolds and found that decellularization of presliced mouse lungs produced matrices with preserved alveolar architecture and proteinaceous components including fibronectin, collagens I and IV, laminin, and elastin. Treatment with a ␤1-integrinneutralizing antibody significantly reduced the repopulation index after 24 h of culture. Treatment with focal adhesion kinase (FAK) inhibitor and extracellular signal-regulated kinase (ERK) inhibitor further reduced initial repopulation scores while treatment with AKT inhibitor increased initial scores. Rho-associated kinase inhibitor had no discernible effect. These data indicate that initial adhesion and survival of mouse fibroblasts in the decellularized mouse lung occur in a ␤1-integrin-dependent, FAK/ERK-dependent manner that is opposed by AKT.
bioengineering; decellularized lung; fibroblast EX VIVO ENGINEERING STRATEGIES have emerged as important approaches for the study of tissue regeneration in a wide variety of organs including the vasculature (20) , genitourinary system (7), spinal cord (34) , and kidney (28) . Until recently, similar advances in pulmonary biology had been limited by the complex three-dimensional structure and functional anatomy of the intact lung. However, several studies describing the creation of functional tissue derived from existing (18) or fabricated airways (16, 18) or decellularized whole lungs (19, 23) have allowed major advances in the field of lung regeneration. For example, engineered human tracheas based on cadaverous (18) or synthetic (16) scaffolds have been used successfully to support the growth of airway cells and were later implanted into patients with tracheal anomalies. Similarly, decellularized rodent lungs have been used as a platform for the ex vivo regeneration of functional lung tissue that was suitable for in vivo implantation and mediated the transfer of oxygen from the alveolus into the pulmonary vasculature (19, 23) . Analogous decellularization approaches applied to freshly resected or cadaverous human (2, 27) and mouse lungs (6) demonstrate this strategy to support the growth of epithelium and endothelium and even certain populations of stem cells.
The ultimate goal of this work involves the creation of bioengineered lungs built with autologous induced pluripotent stem cells, various populations of lung-specific progenitor cells, or perhaps even embryonic stem cells. All of these approaches will require a healthy extracellular matrix (ECM) to provide structural support (33) . However, in the consideration of the long-term therapeutic application of scaffold-based strategies, several limitations become apparent. First, previous studies indicate that, even in the setting of grossly preserved structure and extracellular components, the decellularized lung scaffold demonstrates a large amount of "leakiness" that may at least partially reflect damage sustained during the decellularization procedure (12, 23) . Second, other studies demonstrate that the decellularization process can negatively impact ECM protein integrity (1, 31) , which may impede its ability to support infused progenitor cells or to persist long term in vivo. Thus studies aimed at restoring mesenchymal cells, such as fibroblasts that repair and maintain the structure and biochemical components of the decellularized ECM, have the potential to advance lung regeneration. Furthermore, once the bioengi-neered lung is constructed and implanted, fibroblasts will be required to maintain ECM integrity in the steady state and to enact repair and remodeling in the setting of injury, as they are in the intact lung (3, 9, 25) . However, if the goal is building patient-specific lungs using autologous cells, use of patientspecific lung fibroblasts may not be possible because obtaining sufficient numbers to build an entire organ would be prohibitive. Thus an alternate source of more easily obtainable fibroblasts, which could then be expanded ex vivo, such as dermal fibroblasts, might be more appropriate for this type of work.
Integrins are a large family of heterodimeric glycoprotein receptors that participate in important cellular processes, including ECM adhesion, cell:cell contact, transmembrane connections to the cytoskeleton, and activation of many intracellular signaling pathways (15) . Among the integrin subunits, ␤1-integrin is widely expressed and can bind multiple ␣-partners. ␤1-Integrin importantly regulates the interaction between fibroblasts and ECM components, including certain collagens (30) and laminin (24) . These effects are mediated in part by the activation of focal adhesion kinase (FAK) (30) , a nonreceptor tyrosine kinase that upon engagement activates integral downstream signaling cascades, including extracellular-related kinase (ERK), Rho-associated kinase (ROCK), and phosphatidylinositol 3-kinase/AKT (6, 30) . The ␤1-integrin subunit is reported to mediate the initial interaction of mesenchymal stem cells and decellularized mouse lung scaffolds (6); however, the relationship of mature fibroblasts with the decellularized mouse lung and the involved signaling pathways have not been explored.
We sought to understand the kinetics and mechanism of dermal fibroblast engraftment in decellularized rodent lung scaffolds. We first determined that slices obtained from decellularized lung scaffolds prepared from rats, which are to date the only mammalian species that have been validated as a basis for the ex vivo regeneration of functional lung parenchyma, could support the adhesion, survival, and proliferation of a dermal fibroblast cell line. Next, to examine direct fibroblastscaffold interactions and allow delineation of the engraftment mechanism(s) and to generate a method that would be useful in the study of human lung regeneration where starting material is scarce, we developed a decellularization system amenable for use on fresh mouse lung slices and characterized the cellular content and residual structural proteins in the resulting scaffolds. A9 dermal fibroblasts were then seeded into these scaffolds, and the kinetics of cell survival and expansion were defined. Last, the respective roles of ␤1-integrin subunit and its downstream signaling partners FAK, ERK, ROCK, and AKT were assessed.
MATERIALS AND METHODS
Preparation of rat lung scaffold slices. All studies were performed with approval from the Yale University Institutional Animal Care and Use Committee. Rat lung harvest and decellularization were prepared as has been extensively described elsewhere (4, 21) . Decellularized lungs were placed in a 60-mm sterile Petri dish that was then placed within a 100-mm Petri dish and floated on liquid nitrogen to snap freeze the scaffolds to facilitate precise slicing. Using sterile technique, scaffolds were cut into 2-mm slices by a multiknife and rinsed extensively with PBS containing 10% penicillin/streptomycin (Gibco, Grand Island, NY) and 2% gentamicin (Sigma-Aldrich, St. Louis, MO) for 1 h. Slices were stored at 4°C until the time of culture.
Preparation of mouse lung scaffold slices. Six-to twelve-week-old mice were treated with a lethal i.p. injection of Urethane (SigmaAldrich) and heparin (250 U/kg) (Sigma-Aldrich), followed by bronchoalveolar lavage and median thoractomy, and the pulmonary vasculature was perfused via right ventricular puncture with PBS. The lungs were removed en bloc, as we have previously described (26) . Each lobe was placed in a 60-mm sterile Petri dish, which was transferred to a 100-mm Petri dish and floated on liquid nitrogen to snap freeze the lobes to allow precise slicing. With the use of a sterile technique, lobes were cut into about 2-mm slices by multiknife and rinsed extensively with PBS containing sodium nitroprusside at 1 g/ml for 1 h. The slices were transferred to a 15-ml tube and decellularized by 5 ml of decellularization solution [8 mM CHAPS (Sigma-Aldrich), 1 M NaCl, and 25 mM EDTA in PBS] per lung. The tube was kept at 37°C and rolled overnight. The scaffold slices were then extensively rinsed with PBS, treated with benzonase nuclease (Sigma-Aldrich) (90 U/ml) for 1 h, and rinsed in PBS containing 10% penicillin/streptomycin and 2% gentamicin for 1 h. Prepared scaffold slices were stored in sterile PBS at 4°C until the time of culture.
Cell culture model and treatment. Mouse A9 cells (transformed subcutaneous fibroblasts) were cultured in DMEM (Gibco) supplemented with 5% fetal bovine serum (Gibco) and 1% penicillin/ streptomycin and used before passage 40. Immediately before culture, lung scaffold slices were rinsed with PBS for 5 min, placed in a poly-L-lysine coated six-well plate (Becton Dickinson, Bedford, MA), extended with forceps, and incubated at 37°C for 10 min to allow adherence to the bottom of the plate. Then 1 ϫ 10 4 , 1 ϫ 10 5 , and 1 ϫ 10 6 A9 cells in medium (100 l medium for rat slices and 50 l medium for mouse slices) were drizzled over the slice. The seeded slices were placed in the incubator for 30 min, at which point 1.7 ml (rat)/1.85 ml (mouse) of medium was added to the well. A quarter of medium volume was changed after 24 h and then every 48 h thereafter for a maximum culture period of 14 days.
Antibody-mediated ␤1-integrin blockade. A9 cells were treated with a validated ␤1-integrin-blocking antibody (Biolegend, San Diego, CA) or IgG isotype (Biolegend) (10) in a modification of previously published work (10) . ␤1-Integrin-blocking antibody (10 g/ml) or isotype was added to the resuspended cells and incubated at 4°for 30 min. Cells (1 ϫ 10 5 ) were then seeded on lung scaffold slices. Slices were collected after 24 h.
Chemical inhibition of FAK, ROCK, ERK, and AKT. For chemical treatment, FAK inhibitor 14 (Tocris Bioscience, Bristol, UK) (11), ROCK inhibitor (Calbiochem/EMD, Billerica, MA), ERK activation inhibitor (Tocris Bioscience), and AKT inhibitor VII/TAT-AKT-In (Calbiochem/EMD) (8) were added to the medium at the beginning of cell seeding. Cells (1 ϫ 10 5 ) were seeded on lung scaffold slices. Slices were collected after 24 h.
Histological analysis. For histological evaluation, samples were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 2 to 4 h, dehydrated, embedded in paraffin, and sectioned at 5 m. Sections were stained with hematoxylin and eosin, Masson's Trichrome, Verheoff Van Gieson (VVG), and Alsace Blue to assess gross morphology, collagen fibers, elastin fibers, and glycosaminoglycans (GAGs), as we have previously described (23) . Pictures were obtained using a Nikon microphot-fxa microscope.
Scanning electron microscopy. Samples were fixed using 4% glutaraldehyde (Electron Microscopy Sciences) in 0.1 M cacodylate buffer (Electron Microscopy Sciences) for 2 h at room temperature, then rinsed in cacodylate buffer, and dehydrated through an ethanol gradient. Samples were further dehydrated in Critical Point Dryer (Polaron E3000) by liquid CO2, then sputter coated with gold, and analyzed using an ISI SS-40.
Immunofluorescence. Immunofluorescence detection of procollagen I␣1 (Rockland Immunohistochemicals, Rockland, MD), Ki67 (Abcam, Cambridge, MA), fibronectin (Abcam), collagen I (Rockland Immunohistochemicals),collagen IV (Abcam), and laminin (Abcam) were performed using antigen retrieval followed by secondary detec-tion with Texas-Red-labeled secondary antibodies (Invitrogen, Eugene, OR), as well as 4=, 6-diamidino-2-phenylindole (DAPI) (Vector Laboratories, Burlingame, CA) for DNA (21) . End labeling of exposed 3=-OH ends of DNA fragments in paraffin-embedded tissue was undertaken with the TUNEL AP In Situ Cell Death Detection Kit (Roche Diagnostics, Mannheim, Germany) using the instructions provided by the manufacturer, as we have previously described (14) . Microscopy was performed using a Nikon Eclipse Ti-S microscope equipped with a Andor Technology camera. Cell counting was performed manually. Quantification of mean fluorescence intensity was achieved using NIH Image J software.
Fluorometric DNA assay. DNA content of tissues was quantified using the Quant-iT PicoGreen dsDNA assay kit (Invitrogen), following manufacturer's instructions according to our previously published methods (23) . Briefly, tissue samples were weighed and lyophilized, diluted in TE buffer, and mixed with the Quant-iT PicoGreen reagent. Fluorescence was measured at 520 nm with excitation at 485 nm, and DNA content was quantified using a standard curve.
Western blot. Successful elimination of cellular protein was confirmed by Western blot analysis of decellularized lung scaffold and normal mouse lung. The protein concentration was determined by the Pierce BCA protein assay kit (Pierce Biotechnology, Rockford, IL). Samples of 50 g of protein were loaded and separated by 10% SDS-PAGE and transferred to nitrocellulose membranes. After being blocked for 1 h at room temperature, the membranes were incubated with mouse anti-major histocompatibility complex (MHC II) polyclonal antibody (Abcam) or mouse anti-␤-actin monoclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA) overnight at 4°C. The specific protein-antibody complex was detected by horseradish peroxidase-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology). The signal was detected by the Western Lightning Plus-ECL kit (PerkinElmer, Wellesley, MA). Each experiment was repeated two times according to our previous method (22) .
Statistics. Normally distributed data are expressed as means Ϯ SE and assessed for significance by Student's t-test or ANOVA as indicated with Bonferroni correction for multiple comparisons.
RESULTS

Decellularized rat lung slices retain anatomical integrity.
Our prior studies indicated that organotypic tissue-engineered lungs could be constructed in biomimetic bioreactor and that acellular rat lung scaffolds contain the appropriate three-dimensional (3D) architecture and regional-specific cues for cellular adhesion and growth (23) . Given the central role of fibroblasts in the regulation of lung homeostasis and ECM dynamics, we wished to adapt this system for the in vitro study of fibroblast biology. We chose to first start with the rat system because, to date, rat lung is the only mammalian scaffold system that has been used successfully for implantable, functional, bioartificial lung. However, because the quantities of input cells required to study cultured or primary fibroblast in the bioreactor would be prohibitive and difficult to adapt for widespread use, we pursued a method to culture cells in smaller pieces of scaffold, namely, slices. Rat lung was decellularized according to our previously published methods and sliced into 2-mm slices suitable for tissue culture (Fig. 1, A and B) . As shown in Fig. 1 , C and D, hematoxylin and eosin (H&E) staining and scanning electron microscopy (SEM) analysis confirmed that scaffold slices demonstrate intact alveolar architecture and the complete absence of cells. These data show that decellularized rat lungs can be processed into smaller slices potentially suitable for cell culture.
Development of an objective cell growth scoring standard. Having found that rat lung scaffolds retained their architecture following slicing in this manner, we next sought to determine whether these scaffolds could support fibroblast growth. Here, 1 ϫ 10 4 , 1 ϫ 10 5 , and 1 ϫ 10 6 cells from the mouse fibroblast A9 cell line were inoculated in medium onto the slice (Fig. 1E ) and allowed to grow for between 1 to 14 days. At serial time points, scaffolds were harvested, fixed, and assessed for evidence of fibroblast engraftment. In our pilot work, examination of the seeded scaffolds revealed that the presence of cells was not uniform throughout the section. To overcome this limitation and provide a more representative and standardized method of reporting cellular content in this system, we developed a semiquantitative scoring system that would account for uneven cell distribution in two dimensions. We called this objective scoring standard the repopulation index. Here, percentages of scaffold-containing cells were manually determined for the entire cultured slice, and scores between 0 and 5 were assigned based on the cell density detected in the scaffold. The scoring approach was used because, under certain conditions, some regions of the scaffold displayed such a high cell content and density that determination of precise cell counts was not possible. Additionally, the nonuniform engraftment required a method that would take into account all regions of the tissue. Images at ϫ10 were captured, and the following system was employed. When between 10 -20% of tissue contained cells, the score was 1. When 20 -30% was covered, the score was 2. When 30 -40% was covered, the score was 3. When 40 -50% was covered, the score was 4. When the score exceeded 50%, the score was 5. For regions containing Ͻ1% of coverage, a score of 0.1 was assigned when 3 to 6 cells were observed in measured tissue area, a score of 0.25 was assigned when 10 to 15 cells were counted in measured area, a score of 0.5 was assigned when 20 to 25 cells in measured tissue area were seen, and a score of 0.75 was conferred when 35 to 40 cells were detected in the measured tissue area. We made this adjustment to avoid the overstatement of results that might occur should a score of 1 be conferred upon any percentage of tissue density between 0.1% to 10%. Next, because each image did not capture the entire tissue slice, scores were multiplied by the percent area in which they were measured and finally added to derive the final score. At least three separate slices were scored for each animal, and these final scores were then averaged to obtain a mean for each group studied. Low-power representative images for some of these scores are shown in Fig. 2C . These data indicate that development of an objective scoring standard may be used in studies of lung bioengineering. Although this index may not be applicable in all studies, it represents a potential advance in terms of methods of quantification of cell engraftment.
This approach found that, at the 24-h time point, repopulation in the 10 6 seeded sample was significantly increased above both the 10 4 seeded sample (P Ͻ 0.01) and the 10 5 seeded sample (P Ͻ 0.05) but that no difference was detected between the sponding baseline values (P Ͻ 0.05). Due to statistical corrections for multiple comparisons, no other comparisons reached significance. Graphical representation of these data is shown in Fig. 3A .
Decellularized rat lung slices support survival, proliferation, and collagen production of seeded fibroblasts. Based on these data, it seemed that 10 5 cells appeared to be the optimum dose for cell seeding in terms of two-dimensional initial engraftment. Thus further functional assessment of seeded cells was performed at this dosage. The finding that fibroblast quantities increased over time suggested that fibroblasts could both survive and proliferate in decellularized rat lung slices. To ascertain whether this assumption was valid, we assessed fibroblast cell death by TUNEL staining and fibroblast proliferation by Ki67 immunostaining at serial time points during seeding and culture. Here we found little to no detectable TUNEL signal after 24 h of culture and only very few cells exhibiting TUNEL signal after 7 and 14 days (Fig. 4A) . In contrast, strong and persistent Ki67 staining was detected in nearly all cells at all time points following cell seeding (Fig. 4,  A and B) in all groups although the intensity of staining of individual cells was unchanged between the 10 4 , 10 5 , and 10 6 seeded scaffolds at all time points (Fig. 4B) . Taken together, these data indicate that, following the initial adhesion and engraftment, A9 cells grow robustly in the rat lung scaffold.
In considering these data, we noticed that two-dimensional detection of cells appeared to level off over time but that nearly all cells expressed Ki67 (indicating that nearly all cells were proliferative), and nearly no cells exhibited TUNEL signal (meaning that nearly all cells were viable). This observation might be explained by downward growth of the cells into the scaffold. To determine whether this assumption was correct, experiments were repeated, and scaffolds were sectioned sagitally. Microscopic examination of these sections revealed the appearance of cells in the lower parts of the scaffold at later time points (Fig. 4C and data not shown) , indicating that, in addition to engrafting in a two-dimensional fashion, cells seeded in this manner can migrate down into the matrix.
One critical function of fibroblasts is the synthesis and deposition of ECM proteins that maintain lung architecture and stability. To determine whether A9 fibroblasts displayed this function in the decellularized rat lung slices, collagen produc- 2) scaffold containing dish is placed in a 100-mM Petri dish and floated in liquid nitrogen; 3) scaffold is now frozen and hard enough to slice consistently; 4) cutting tool fashioned from razor blades used for consistently sized slices; 5) resulting scaffold slices. C: hematoxylin and eosin (H&E). D: scanning electron microscopy (SEM) of the scaffold slices reveals intact alveolar architecture. E: procedure for inoculating rat lung scaffold slices with fibroblasts. Clockwise from top left: 1) slices are placed in poly-L-lysine-coated 6-well plate, extended with forceps, incubated at 37°C ϫ 10 min, and then 2) inoculated with 100 l of cell-containing medium. Plates were incubated at 37°C ϫ 30 min. 3) 1.7 additional ml of medium was added to the well, and plates were placed into incubator. tion and deposition were evaluated using immunofluorescence detection of procollagen I␣1 and Masson Trichrome staining. As shown in Fig. 4 , A and D, persistent procollagen I␣1 staining was detected at all time points in all groups studied following cell seeding. This finding was accompanied by the accumulation of collagen and detected by Masson trichrome staining in the later time points studied (Fig. 4E) . In fact, in many regions of the lung in the later samples, changes reflecting excessive ECM could be detected (Figs. 2C and 4E ). These data indicate that dermal fibroblasts do engraft in decellularized rat lung scaffolds, where they produce ECM components such as collagen, but that this engraftment is accompanied by architectural disruption and ECM accumulation commonly seen in fibrotic lung disease.
Decellularized mouse lung slices retain anatomic and biochemical integrity. These data indicate that decellularized rat lung scaffold slices support the growth and function of cultured A9 mouse fibroblasts. However, because we were concerned about a potential xenograft mismatch effect of growing mouse cells in rat lungs, we wished to further adapt this technique for the study of lung biology for which mouse modeling is currently widespread. We also wished to streamline the process of lung decellularization to enable dissemination of this method, and, perhaps most importantly, we wished to establish a method of processing that did not require an intact lung that could be used for mechanistic studies in the setting of the limited starting material likely to be encountered in the setting of human lung engineering. For all of these reasons, we sought to simplify the lung decellularization process. To achieve this goal, we started by harvesting lung tissue from adult C57BL/6 mice. As shown in Fig. 5A , following right ventricular perfusion, intact lungs were removed en bloc, and lobes were snap frozen and cut into 2-mm slices. Slices were placed in decellularization solution, and DNA was digested by benzonase. Slices were then extensively rinsed with PBS containing 2% gentamycin and 10% penicillin/streptomycin.
Analysis of the resulting mouse lung scaffold slices by H&E and DAPI staining revealed that the cells and nuclear material were removed with the decellularization process, but the alveolar septal architecture persisted (Fig. 5B) . SEM demonstrated that parenchymal and blood-borne cells seen in native lung were absent in the decellularized scaffold (Fig. 5B) . DAPI staining and fluorometric DNA quantification indicated that ϳ98% of DNA was removed by the decellularization process (Fig. 5, C and D) , and immunoblotting for MHC-II as well as ␤-actin confirmed that decellularized mouse lung scaffolds were depleted of these cellular markers (Fig. 5E ). Immunofluorescence and immunohistochemical staining indicated that collagen, elastin, laminin, and fibronectin were preserved in decellularized matrices, but most sulfated GAGs were removed (Fig. 6 ). These data indicate that decellularization of mouse lung slices produces an acellular matrix, which retains most of the gross and microstructural properties of native lung, yet removal of cellular components is complete.
Decellularized mouse lung slices support mouse lung fibroblast growth. We next determined whether scaffolds prepared in this manner could support fibroblast cell growth. Here, 1 ϫ 10 4 , 1 ϫ 10 5 and 1 ϫ 10 6 A9 cells were seeded in medium on the slice (Fig. 7A ) and allowed to grow for 1 to 14 days. Slices were harvested at sequential time points and assessed for cell content by H&E staining and SEM. As with the rat matrix described above, here we found that A9 cells could also survive and expand in the mouse lung scaffold in a timedependent manner (Fig. 7, B-D) . For example, the 24-h time point demonstrates that the 10 4 seeded sample shows significantly less repopulation than those seeded with 10 5 (P Ͻ 0.05) or 10 6 (P Ͻ 0.01) cells, and there is no difference in the index between the scaffolds seeded with 10 5 or 10 6 cells. At the 72-h data point, the 10 4 seeded sample again displays a lower index than the corresponding 10 5 and 10 6 seeded scaffolds (P Ͻ 0.01 both comparisons), which are both increased from 24 h (P Ͻ 0.05). At the 5-day, 7 day, 10-day, and 14-day time points, the 10 4 , 10 5 , and 10 6 seeded scaffolds demonstrate equivalent engraftment. The 10 4 sample displays higher repopulation scores than the corresponding 24-and 72-h time points (P Ͻ seeded samples exhibited nearly identical two-dimensional engraftment (Fig. 7D) . Furthermore, as with the reseeded rat lung, ECM accumulation and fibrosis-like changes were also seen at the later time points (Fig. 7B ).
Initial fibroblast:matrix interactions in decellularized mouse lung slices are ␤1-integrin, FAK, and ERK dependent and are opposed by AKT. Having fully established this culture system, we last turned our attention to investigating the molecular mechanism(s) governing fibroblast interactions with the mouse lung scaffold. As shown above, the decellularization process preserves collagen, fibronectin, and laminin, which led us to reason that a major ligand of these proteins, the ␤1-integrin subunit, was at least partially involved in cellular engraftment. To test this hypothesis, we used a well-validated blocking antibody to inhibit ␤1-integrin binding and activation in this system. Here, as expected, after 24-h treatment, we found a 61.5% reduction in the repopulation index in the mouse lung scaffolds treated with ␤1-integrin-blocking antibody compared with those treated with isotype control (P ϭ 0.03, Fig. 8A ). Because initial adherence and survival would be expected to influence longer-term outcomes, we chose to restrict our analysis to the initial events following cell seeding. These data indicate that the initial engraftment of fibroblasts in this model occurs in a ␤1-integrin-dependent fashion.
Integrin signaling pathways are complex and significantly influenced by crosstalk with growth factor receptors. One of the signaling molecules involved in integrin-mediated cell 2) lung containing dish is placed in a 100-mm petri dish and floated on liquid nitrogen to snap freeze the lung; 3) frozen lung is cut into slices by multiknife; 5) larger view of slices, multiknife apparatus fashioned out of razor blades for accurate simultaneous cutting. B: H&E staining (left) and SEM (right) of native lung (top) and decellularized lung (bottom) indicates that the appearance of cellular components is absent from the decellularized lung slice. C and D: DNA content analysis by DAPI (C) nuclear counterstaining and fluorometric quantification (D) of digested scaffold indicates that DNA is absent from the decellularized matrix (****P Ͻ 0.0005). E: Western blot analysis for major histocompatibility complex II (MHC-II) and ␤-actin reveals that immunogenic and cellular proteins are absent from the decellularized lung.
survival is FAK, which is activated following integrin ligation. Because FAK is required for cytoskeleton stabilization and is known to importantly regulate fibroblast adhesion and survival in other systems, we thought it likely that FAK might be involved in our system as well. This prediction proved correct, as, when A9 cells were seeded into the acellular scaffold slices and grown in the presence of FAK inhibitor 14, the appearance of cells was reduced in a dose-dependent fashion, such that, in the presence of 10 M FAK inhibitor, repopulation scores were reduced by 72.3% (P ϭ 0.002, Fig. 8B ). FAK is known to regulate fibroblast adhesion in a manner that involves activation of several downstream kinases, including ROCK, ERK, and the phosphatidylinositol 3-kinase/AKT signaling cascade. We thought it possible that some or all of these pathways were involved in our observed effects. To test this hypothesis, the 24-h culture experiments were repeated in the presence of escalating concentrations of specific inhibitors of ROCK, ERK, and AKT. Here we found that ROCK inhibition had no effect at any dose tested (Fig. 8C) , that ERK inhibition reduced the repopulation index at 24 h by more than 2.4-fold (P ϭ 0.04, Fig. 8D ), and that low-dose AKT inhibition actually increased repopulation scores by more than 2.4-fold (P ϭ 0.01, Fig. 8E ). This effect was not observed at higher concentrations tested. This unexpected effect appeared to be related to increased ERK phosphorylation, as the immunofluorescence detection of pERK was stronger in the scaffolds treated with 25 M AKT inhibitor compared with samples treated with either no inhibitor or with higher concentrations (Fig. 8F) .
DISCUSSION
These data lend new insight into the mechanisms controlling fibroblast adhesion and survival in the decellularized rodent lung. Specifically, they indicate that decellularized rat lung scaffold slices can support the growth and survival of a mouse fibroblast cell line, that decellularized mouse lung slices demonstrate similar biochemical and growth-supporting properties, but that these functions are accompanied by collagen accumulation and the histological appearance of fibrosis. Initial engraftment of fibroblasts in the decellularized mouse lung occurs via a ␤1-integrin-, FAK-dependent pathway that is mediated by ERK and opposed by AKT. Taken together, these data provide important information regarding the kinetics and mechanism though which seeded fibroblasts repopulate the decellularized rodent lung and are highly relevant for studies of tissue regeneration and ex vivo bioengineered lung, which relies on an intact and functional ECM.
Acellular rodent lungs were initially developed as a platform to support the in vitro regeneration of functional lung tissue (19, 23) . In these initial studies, intact rat lung was decellularized through the vascular bed and transferred to a bioreactor, where it was seeded with epithelial and endothelial cells. One major factor limiting graft function in this system is vascular leak, which could be ameliorated by the administration of mesenchymal cells, such as fibroblasts, which would be expected to support the repair and regeneration of injured areas (29) . Fibroblasts would also be expected to influence the engraftment and survival of epithelial populations through the production of ECM, by direct cellular interactions, as well as through paracrine effects (13) . Thus study of fibroblast:matrix interactions have the potential to advance the development of bioengineered lungs. Our results are not directly applicable to studies of decellularized whole lung grown in the bioreactor, but they do provide a starting point for evaluating the mechanism though which instilled fibroblasts adhere and initially survive in this model.
The lung slice method reported herein has many potential uses in mechanistic studies of adhesion, survival, motility, and proliferation of a variety of cell lineages. First, the technology is not as labor intensive or costly as bioreactor studies and therefore can be adapted for use in many types of laboratories. The method can be used in the setting of very small amounts of starting material unlike the bioreactor approach, which requires large numbers of infused cells. The method is also A: procedure for seeing decellularized mouse lung slices with cells. Cells are placed in poly-L-lysine-coated 6-well plate, extended with forceps, incubated at 37°C ϫ 10 min and then inoculated with 50 l of cell-containing medium. Plates were incubated at 37°C for 30 min. 1.85 additional ml of medium was added to the well, and plates were placed into incubator. B: H&E staining demonstrates a differences in fibroblasts cultured in this manner at early vs. late time points. C: SEM reveals a similar time-dependent increase in seeded fibroblasts. D: quantification of repopulation index throughout the course of the study. At the 24-h data point, the 10 4 seeded sample shows significantly less repopulation than those seeded with 10 5 (P Ͻ 0.05) or 10 6 (P Ͻ 0.01) cells. At this time point, there is no difference in the index between the scaffolds seeded with 10 5 or 10 6 cells. At the 72-h data point, the 10 4 seeded sample again displays a lower index than the corresponding 10 5 and 10 6 seeded scaffolds (P Ͻ 0.01 both comparisons), which are both increased from 24 h (P Ͻ 0.05). At the 5-day, 7-day, 10-day, and 14-day time points, the 10 4 , 10 5 , and 10 6 seeded scaffolds demonstrate equivalent engraftment. The 10 4 sample displays higher repopulation scores than the corresponding 24-and 72-h time points (P Ͻ 0.05), but the 10 5 and 10 6 values are not increased above that noted at any previous time point. Due to statistical corrections for multiple comparisons, no other comparisons are significant. Additionally, at all time points, the 10 5 and 10 6 seeded samples exhibited nearly identical 2-dimensional engraftment. H&E images are ϫ40 original magnification. In the SEM images, the bar represents 10 m. suitable for coculture studies, which will allow study of both cell:cell and paracrine interactions between the various cell populations comprising the lung and is also amenable for high-throughput screening. Last, this method also holds great potential for use in mechanistic evaluation using fresh tissue obtained from living or deceased humans, where starting material is scarce. In these studies, we find that initial adhesion is mediated by ␤1-integrin and FAK via an ERK-dependent pathway. Curiously, low-dose AKT inhibition increases ERK phosphorylation and increases the initial repopulation score, which is consistent with findings in other cell culture systems in which AKT activation impedes ERK phosphorylation (5) . Furthermore, although AKT is generally thought of as downstream of FAK in the setting of ␤1-integrin activation (35) , one recent report indicates that, in some settings, AKT might stimulate FAK activation (32) . Because both ERK and AKT are known to regulate fibroblast proliferation in the setting of profibrotic stimuli (17, 36) , it is likely that inhibition of AKT at later time points would attenuate fibroblast survival and expansion or that addition of certain growth factors to the culture medium would lead to different results. Further work will be required to confirm this hypothesis and to better understand the relationship of ␤1-integrin, FAK, and its downstream signaling pathways in our modeling system, as well the contribution of other integrin subunits, heterodimers, and signaling pathways. In addition, given the apparent fibrosis that developed at later time points in these studies, the factors controlling proliferation and collagen require significant study in order that this method might be useful in the construction of functional lung tissue.
One very interesting aspect of our study was that the A9 fibroblasts demonstrated robust growth that increased because, as time progressed, both the rat and mouse lung scaffolds resembled fibrotic lung with the accumulation of collagen and highly proliferative fibroblasts. The unopposed cell growth and collagen accumulation seen in our model likely relate to our use of an immortalized cell line although it is also possible that the lack of other resident lung cell populations and presumably a disrupted basement membrane contributed to these effects. Because the ultimate goal of this work is the generation of normal lung tissue that will support gas exchange, this finding underscores the need to harness these aspects of fibroblast function so that their repopulation in the decellularized lung occurs in a controlled and beneficial manner. This issue could be further interrogated using genetically modified fibroblasts or gene knockdown strategies combined with studies of receptorligand interactions. Similarly, future work using primary lung fibroblasts, as well as coculture experiments involving fibroblasts and epithelial cells, will help elucidate this matter.
Despite these advances, several caveats exist. We have not determined whether this method is suitable for the study of fibrotic or emphysematous mouse lung, in which matrix abnormalities may impede the decellularization procedure or lead to loss of ECM components. This method also will not allow study of the lung as an intact unit or the study of biomechanics including inflation, deflation, mechanical stretch, and blood flow. We have also not determined the ␣-subunit and other ␤-integrin isoforms that might be important in our system. Last, we have also not examined the interaction of fibroblasts with the structural and inflammatory cells that would be expected to participate in bidirectional crosstalk and mediate repair. Nevertheless, despite these limitations, our approach provides significant insight into the factors controlling initial fibroblast:matrix interactions in the decellularized mouse lung and serve as an important starting point for future studies in this area.
